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“City of the Future”
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Why are rare K decays rare?

@ Br(K*™ — uty,) =0.64
@ Br(K, — utp™) =684 x107°

\)\%
s W it s ——VWMVW\—— ;"
Au—c YVu
u Yy d ——hAA\VW— 4

@ Flavour-changing neutral currents (FCNC) are highly suppressed
in the Standard Model [Glashow, lliopoulos, Maiani '70]

@ Prediction of the charm-quark mass [Gaillard, Lee '74]
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Rare K decays — overview

o Kt = ntup, K| — nui

o KL —» 7%t~ (L =e,p)

@ radiative decays (K — my7,...)
o KL — putu~

o KL —>nm

o K — pe, ...
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Rare K decays — overview

o K* = mhui, Ki o
s 0 0~ 1) (MRS
radiative decays (K — my7,...) _
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o K| > nm
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GIM and Inami Lim

SO
z v
Xo(x) =% x Do(x) =3 logx  Further suppression
Xo(x) X9 xlog x Do(x) 2 log x by 1/m:
)\i = V,ﬁ \/id Vud Vus Vub
CKM unitarity = A\, + Ac + X, =0 Ve Ves Vb
Viek Vis Vi
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How we compute

High scales:
4GE

o Effective Hamiltonian A" = s Verm Y Gi(p) Q;

@ Advantage: short-distance information explicit

@ Disadvantage: partonic picture
o hadronic matrix elements from lattice

Low scales:

@ Chiral perturbation theory
@ Advantage: hadronic picture
@ Disadvantage: short-distance information implicit
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K — mvv: The main points

Vud \/us Vub
Vcd Vcs Vcb
Vie Vis Vi

@ FCNC process
@ Top-quark dominated, but parametrically suppressed
@ Experimentally challenging (— NA62, Project X)

@ Very precise theoretical predictions possible
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Why are we able to make Precise
Predictions?

@ Short-distance (SD) contributions (Wilson coefficients) can be
calculated precisely in perturbation theory

@ Semileptonic decays = extract matrix elements via isospin
Symmetry from Kg3 decayS [Marciano, Parsa ‘96]

@ quadratic GIM suppresses long-distance (LD) contributions

@ Error mainly parametric — can be reduced in the future
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K — wvi: Effective Hamiltonian

5 w v S w d
u,c,t u,c,t
u,c,t e, T 7
d W v 4 v
o 4G a
W= sy | )+ (G0 - D) .

o N e
(A = |Vis)
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Matrix elements — isospin

A(K+ — 7T+V17) X ()\tFt + )\CFC) <7T+|(§d)V_A|K+>(17V)\/_A

K — v K — 7l

V2 x (7°(3u)v-alKT)

(m1(5d)v—alKT)

Unknown Well measured

Isospin-breaking (plus QED radiative) corrections have been
computed to (N)NLO in chiral perturbation theory
[Mescia, Smith '07]
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K+t — n"vi: Branching Ratio

S w v S w d
u,c,t u,c,t
u,c,t e, T
Z
d w v 2 v

B (K™ = ntvi(y)) = ro(1+ Aem)

e IR -+ ). ([P + [P

)\5

X

2
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K™ — ntvi: Theoretical Status

@ X;: Scale dependence reduced to 1% (NLO QCD)

[Misiak, Urban ‘99; Buchalla, Buras ‘99]

@ P.: Scale dependence reduced to +£2.5% (NNLO QCD)

[Buras, Gorbahn, Haisch, Nierste ‘06]

@ 0P, , enhances branching ratio by 6%

[Falk, Lewandowski, Petrov ‘01; Isidori, Mescia, Smith ‘05]
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K™ — 7mTvir: Electroweak Corrections

V2 27sin° Oy

Ae(Xe + XED) 4 A (P + PEY) 1 Q,

@ Match precision achieved in matrix elements
@ Fix input parameters:

@ sin” 6, (on-shell) = 0.2233
e sin?6,,(MS) = 0.2315

@ Naively, O(4%) uncertainty in sin*0,,
@ P, has a large QED log
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K™ — mtvv: Electroweak Corrections to P.

0.39 premr e e e e

0.38 = ;
P. increases by up to 2%

ce [Brod, Gorbahn ‘08]
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K™ — mtvu: Electroweak Corrections to X;

Xy

1.47

[Brod, Gorbahn, Stamou ‘11]
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K™ — mtvu: Electroweak Corrections to X;
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[Brod, Gorbahn, Stamou ‘11]
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K+t — n"vi: Error Budget

@ main parametric error V,

® Improve on 6P, , by a lattice
calculation [isidori et al. “06]

Br® (K*) = (17.3%]52) x 107
me, Os

[E787, E949 ‘08
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K™ — ntvo: Error Budget — 0V, / Vi = 1%

Br® (K™) = (17.3%52) x 1071

18% mc,
[E787’ F949 ‘08]
mt, Qis, Sw
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K, — % : Overview

K, — 7% is almost purely CP-violating:
DCPV:ICPV:CPC=1:10"2:<10""* [Buchalla, Isidori ‘0]

Im(Ac) =0 = completely top-quark dominated

Im(\ 2
Br (K, = 7%7) = 1 {_mi f>-}
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K, — m°vi: Error Budget

BreXp(KL) <26 x107% [E301a 05
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K, — 7%vi: Error Budget — 6V, / V= 1%

BreXp(KL) <26 x107% [E301a 05
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K, — 7% ¢~: Motivation

25
2.25}¢

1.75F
15¢
1.25}¢

0.75f

[Mescia, Smith, Trine ‘06]
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K, — 7%*¢~: Three Contributions

Qrvia = (EL’YudL)(Z’V” [5]€)

e NLO QCD
(scale dependence < 1.5%)

[Buchalla et al. ‘95]

@ Estimate from K, — 7%y

CPC:
[Isidori et al. ‘04]
@ Estimate from ex, Ks — w00+ (~
ICPV [D’Ambrosio et al. ‘98, Mescia et al. '06]

@ Sign of interference with Q7

[Buchalla et al. ‘03, Friot et al. ‘04; Bruno et al. ‘93]
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K, — 7%*¢~: Branching Ratio

[Mertens, Smith '11]

KTEV [hep-ex/0309072]

KTEV [hep-ex/0001006]
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Ki— pp

Short-distance contribution:

@ NLO QCD (top)
[Buchalla, Buras '99; Misiak, Urban '99]

@ NNLO QCD (charm)
[Gorbahn, Haisch '06]

Long-distance part hard to compute, estimate from
K. — vy, KL =00, KL — ptp~ete”
[Isidori, Unterdorfer '03]

Still useful constraint:
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ex: Introduction

€k parametrizes indirect CP violation in the neutral kaon system

Im{(77) /=0l K°)
Re((7mm))=o|K°)

<KO|H|AS|:2|W>

From experiment

@ ¢ =-1.63(19)(20) x 10™* [Blum et al. 11]
@ By = 0.737(20) [Aubin et al.; Aoki et al.; Diirr et al. '10; Bae et al.; ‘11]
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cx: Effective Hamiltonian

HIASI=2 {)@ncc- + )\fntt- + )\c)\tnct-.:| QIA%I=2

s w d s w d s w d
d w s d w s d w s
Tee = 1.87(76) 7ee = 0.5765(65) Nlet = 0.496(47)
© NNLO © NLO © NNLO
[Brod, Gorbahn ‘11] [Buras et al. ‘90] [Brod, Gorbahn ‘10]

Joachim Brod (University of Cincinnati) Rare K decays in the standard model 32/35



cx: Scale dependence

0.6 T T T
0.3
O 1 1 1 1
0.2 L L .
T 1 12 14 16 18 2
e [GeV] pe [GeV]

@ Compute NNLO lattice matching
[Gorbahn, Jager, work in progress]

@ Dynamical charm on the lattice
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ex: Error Budget

€k X KeBi|Vep|*Essin 3
['Vcb| &s 605577tt5(xt) +nctS(X67Xt) Nec ( )}

-30°/ V,

exp

ex = 2.228(11) x 1073 [poG 101

metric
2% net
2% ke
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Conclusion

SM

Experiment

K+ = rtub | 7.81(75)(29) x 10~11

(1.73%733)

~ 1010 E787
£949

K, — v 2.43(39)(6) x 1071 < 2.6 x 1078 E391a
K. — m%te™ | (3.23709%) x 1071 <28 x 1071 KTEV
K — Outp= | (1.297323) x 1071 <38 x 1071 KTEV
Ky — ptp <25x1079(SD) | (6.84+0.11) x 1072 PDG
€K 1.81(28) x 1073 2.228(11) x 1073 PDG
K, — etpT ~0 < 4.7 % 10712 Bg71
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